An increase in the incidence of disease in various marine organisms over the past few decades has been linked to ocean climate change. In Nova Scotia, Canada, mass mortalities of sea urchins, due to an amoebic disease, are associated with tropical cyclones of relatively high intensity that pass close to the coast when water temperature is above a threshold for disease propagation. These conditions increase the likelihood of introduction and spread of a nonindigenous water-borne pathogen through turbulent mixing. Our analysis shows that the most deadly storms, in terms of the probability of a sea urchin mass mortality, have become more deadly over the past 30 years. We also found that storms have been tracking closer to the coast and that surface temperature has increased during the hurricane season. These trends are likely to continue with climate warming, resulting in a regional shift to a kelp bed ecosystem and the loss of the urchin fishery.
The frequency and severity of disease outbreaks appear to be increasing in a broad range of marine taxa (Harvell et al. 1999; Lafferty et al. 2004 ). This trend has been attributed to escalating anthropogenic stressors and changes in the ocean environment over the past several decades and is predicted to continue with climate warming (Harvell et al. 2002; Mydlarz et al. 2006) . When epidemics cause declines in ecologically or economically important species, such as seagrass, shellfish, corals, or marine mammals, disease can alter the structure and functioning of whole ecosystems, as well as the goods and services provided to humans . The need to understand the mechanistic links between climate change and temporal and spatial trends in disease outbreaks is increasingly urgent, particularly in view of our limited ability to mitigate disease in the ocean (McCallum et al. 2003; Ward and Lafferty 2004) .
Diseases that affect herbivorous sea urchins (Tajima and Lawrence 2001) provide striking examples of the cascading effects of population declines in an ecologically important group. Disease appears to have increased in sea urchins worldwide (Ward and Lafferty 2004) , and catastrophic mortalities have caused major transitions in community state (or phase shifts) in tropical coral reefs (Lessios 1988; Hughes 1999 ) and temperate kelp forests (Lauzon-Guay et al. 2009; Uthicke et al. 2009 ). On the Atlantic coast of Nova Scotia, Canada, recurrent outbreaks of an amoebic disease of the green sea urchin Strongylocentrotus droebachiensis have been documented since 1980 (Scheibling and Hennigar 1997; Miller and Nolan 2008) . Evidence from field observations and laboratory experiments suggest the pathogenic agent Paramoeba invadens (Jones and Scheibling 1985) is a nonindigenous species, delivered episodically to this coast by large-scale advective processes (Scheibling and Hennigar 1997) . Turbulent mixing by tropical cyclones (hurricanes) has been proposed as a potential mechanism for transport of planktonic amoebae across the Scotian Shelf (Scheibling and Hennigar 1997) , and mass mortalities of sea urchins were observed following recent hurricanes that made landfall or passed close to Nova Scotia (Scheibling et al. 2010) .
In this study, we examine links between sea urchin mass mortality events, hurricane activity, and water temperature (which mediates disease outbreaks) on the Atlantic coast of Nova Scotia over a 30-yr period (1980-2009) . We apply logistic regression techniques that show the probability of mass mortality is related to the intensity and proximity of tropical cyclones along this the coast, hypothesized to deliver the pathogenic agent, and is related to ocean temperatures that favor the propagation of disease. We also show that the likelihood of deadly storms for sea urchins has increased over this 30-yr period, a trend we expect will accelerate with future climate warming.
Methods
Sea urchin mass mortality-We compiled a record of sea urchin mass mortality along the Atlantic coast of Nova Scotia since 1980, based on reports in the scientific literature or interviews with sea urchin harvesters (see Web Appendix, www.aslo.org/lo/toc/vol_55/issue_6/2331a. html). We define a mass mortality event as one in which a large proportion of sea urchins (usually . 50% and up to 100%) inhabiting the rocky subtidal zone above 25-m depth (a limit determined by the temperature threshold for progression of disease; Scheibling and Stephenson 1984) succumb to paramoebiasis either locally (e.g., within a large embayment) or on a coastal scale. In some years, mortality in the shallow subtidal zone was nearly complete across hundreds of kilometers of coastline (linear distance), while in other years the disease was arrested by declining temperatures, leaving enough surviving urchins to maintain the barrens state (Miller 1985a; Scheibling and Hennigar 1997) . We do not consider the spatial extent of mortality in designating years with mortality events because factors affecting the spread of the disease may differ from those that trigger an outbreak.
For each event, overt signs of paramoebiasis, which distinguish this disease from bacterial and macroparasitic infections of S. droebachiensis (Tajima and Lawrence 2001; Roberts-Regan et al. 1988) , were observed in situ by scientists or sea urchin fishers familiar with the disease (see Web Appendix). Strong wave forces, such as those that accompany tropical cyclones, are neither a direct nor indirect (by causing damage that increases susceptibility to disease) cause of these mass mortalities, since sea urchins respond to increased wave action by sheltering in protective microhabitats (Lauzon-Guay and Scheibling 2007) . For example, we did not observe unusual mortality, damage, or dislodgment of S. droebachiensis immediately after Hurricane Bill in 2009; the first signs of paramoebiasis appeared 3 weeks later and culminated in near complete mortality of urchins (Scheibling et al. 2010) .
These catastrophic mortalities are conspicuous events, resulting in large numbers of moribund urchins and intact tests deposited on the seabed or cast upon the shore. Given the rapid transmission and progression of paramoebiasis at temperatures exceeding the threshold (Scheibling and Stephenson 1984) , it is unlikely that the disease occurs at low prevalence in some years, causing a low level of mortality that escapes detection by scientific divers or sea urchin harvesters.
Storm tracks and intensity-To examine the possible link between disease outbreaks that cause sea urchin mass mortality and tropical cyclones in the North Atlantic, we obtained ''best track'' data on individual storms (hurricanes and tropical, subtropical, and posttropical storms) between 1980 and 2009 from the Unisys weather database (http://weather.unisys.com/hurricane/atlantic/index.html). Data files contained 6-hourly storm center locations (latitude and longitude), maximum 1-min surface (10 m) wind speeds (knots). Wind speeds were converted from knots to kilometers per hour for analysis. Only tropical storms and posttropical storms that passed between 35uN and the Atlantic coast of Nova Scotia (maximum latitude: 47uN), and between 55 and 70uW, were included in our analyses (see Web Appendix, Fig. 1) .
For each storm, we calculated the minimum distance between the coast and the storm center based on the position of the storm at 6-h intervals and recorded the maximum sustained wind speed (km h 21 ) at that time and position. Minimum distance from the coast (km) was measured as the shortest straight line between the storm center and a series of seven points spaced at 100-km intervals along the Atlantic coast from Cape Sable Island (44u149N, 64u129W) at the southwestern tip of Nova Scotia to Scatarie Island (46u019N, 59u409W) at the eastern tip of Cape Breton Island. Storm coordinates (latitude and longitude) and maximum sustained wind speeds recorded at that time were used in our analyses.
Water temperature-Laboratory studies show that progression of paramoebiasis in sea urchins is strongly temperature dependent (Scheibling and Stephenson 1984; Jellett and Scheibling 1988) . This enabled us to link mortality events to candidate storms that preceded them by estimating the expected time to 50% morbidity (t 50 , d) based on the average ocean temperature (T, uC) over the 2-week period following each storm, using the equation: t 50 5 23492T 22.7476 (Scheibling et al. 2010) . A 2-week interval encompassed the expected time for sea urchins to develop symptoms of paramoebiasis at temperatures (14-16uC) that typically precede disease outbreaks; sea urchins exhibiting these symptoms typically die within 1-2 d (Scheibling and Stephenson 1984; Scheibling and Hennigar 1997) . The disease does not develop in sea urchins below a threshold temperature of , 10uC (Scheibling and Stephenson 1984) , and t 50 was not calculated for storms occurring when the average poststorm temperature was below this threshold.
Average daily water temperature between 1980 and 2008 was obtained from the Coastal Time Series (CTS) database (http://www.mar.dfo-mpo.gc.ca/science/ocean/database/ Doc2003/cts2003app.html) for thermographs at 0-10-m depth located within a polygon along the central coast of Nova Scotia, extending from Halifax Harbour (44u399N, 63u349W) to Lunenburg Bay (44u159N, 64u149W) and 5 km offshore. CTS temperature data were not available for 2009, when temperatures were obtained from a single thermograph at 8-m depth at the site of a sea urchin mass mortality in St. Margarets Bay, Nova Scotia.
Model development-Sea urchin mass mortality has been recorded on the Atlantic coast of Nova Scotia in 13 of 30 years since 1980 (see Web Appendix). In 12 of these years, the mortality event was preceded by a tropical cyclone. In the remaining year (1983), experiments that incidentally or deliberately released P. invadens into Halifax Harbour and on the southern shore of Cape Breton Island, Nova Scotia (Miller 1985b; Jellett and Scheibling 1988; Jellett et al. 1989) , may have caused the widespread mass mortality that fall (Miller 1985a) . Based on the onset of mass mortality and the estimated t 50 following the passage of each storm, we identified candidate storms for the mortality event in each of the 12 years (see Web Appendix). In nine of these years, two to four successive storms were possible candidates based on records of poststorm water temperature and timing of the observed mass mortality (notably in 1996, 2000, and 2001 when mortality records were temporally imprecise).
We used a logistic regression model to estimate the expected probability of a mass mortality (P m ) associated with each storm between 1980 and 2009. Presence or absence of mass mortality was the dependent variable in this model, and maximum sustained wind speed, minimum distance from coast, and a threshold water temperature were independent variables. We applied log, square root, and square transformations to the wind speed and distance variables; only the square of distance provided a better fit to the model than untransformed data. Water temperature was added as a dummy variable to emulate a threshold below which mass mortalities do not occur, with a value of 1 for temperatures above a threshold value and a value of 0 for temperatures below the threshold. The optimal threshold value was selected by rerunning the logistic regression model for threshold values ranging from 9uC to 14uC in 0.1uC increments and selecting the value (12.2uC) that resulted in the best fit of the model to the data. First-and second-order interactions among independent variables also were added to the model, but these did not increase the fit to the data, and we excluded them from our analysis.
We selected the best model based on Akaike's information criterion (Burnham and Anderson 2002) using SAS Release 8.02 (SAS Institute) ( Table 1) . Because we could not identify a unique candidate in some years, we ran the regression model iteratively, using all possible combinations of candidate storms (one per year for the each of the 9 yr with alternatives) to obtain the set of storms that provided the best fit to the model. In this way, we allowed the model to select among alternative candidate storms. For final parameter estimation, we excluded from our analysis any storm occurring after the selected candidate storm, or the onset of mass mortality in a particular year, because we could not assess whether such storms contributed to the mortality event. Our selection of a single storm presents a conservative estimate of the probability of mass mortality, since more than one candidate may have delivered the pathogen or multiple storms may have acted synergistically in doing so.
To assess whether randomly selecting candidate storms could result in a similar fit to the logistic regression model, we conducted a Monte Carlo analysis. We ran 100,000 logistic regressions and randomly selected 12 storms to be associated with a mass mortality from all storms. We compared the distribution of the fit of the logistic model, assessed using the deviance (22 log-likelihood), with the fit obtained with our candidate storms and calculated the probability of obtaining a better fit (smaller deviance) using randomly selected storms.
Trend analysis-To examine the trend in the expected probability of a mass mortality of sea urchins (P m ) associated with each tropical cyclone approaching Nova Scotia since 1980, we used a reduced model (Table 1) , including the parameters specific to the storms themselves (wind speed and distance from the coast) and excluding a temperature threshold, to calculate P m . We used quantile regression analysis (Koenker 2005) , based on the software package ''quantreg'' (quantreg: Quantile Regression, R package version 4.30) in R, to detect temporal trends in P m , as well as trends in storm characteristics (wind speed, distance from coast) and environmental conditions (water temperature). Because only a small number of storms occur within each year, we pooled storms in 3-yr groups to increase the sample size used to calculate quantiles. For each parameter, we used least-square regression to evaluate the trend in the median, the 75th quantile, and 1.5 times the interquartile range. We also measured the trend for every five-quantile interval between the 5th and 95th quantile and the respective 90% confidence intervals.
Results
Probability of mass mortality associated with storm events and ocean temperature-The best model to predict storms associated with mass mortalities of sea urchins included all of our designated independent variables: maximum sustained wind speed, distance from the coast (squared), and a water temperature threshold (12.2uC) ( Tables 1 and 2 ). Storms with high wind speed and short distance from the coast have a higher probability of being linked to a mortality event than other storms (Fig. 2 ). Our candidate storms had wind speeds . 111 km h 21 and were within 535 km of the coast (Fig. 2) . The average wind speed of candidate storms (138.2 6 6.8 SE km h 21 ) was significantly greater than that of other storms (95.8 6 3.2 km h 21 ) (t 105 5 4.486, p , 0.001). Candidate storms, on average, also approached closer to the coast (346.7 6 51.5 km) than other storms (470.2 6 35.5 km), although this difference was marginally significant (t 25 5 1.975, p 5 0.060). Storms preceding periods when average water temperature was above 12.2uC had an greater probability of being linked to a mortality event than other storms (Fig. 2) . Only one of the 12 storms associated with sea urchin mortality occurred when water temperature was below this threshold (Hurricane Debby, 11.2uC; see Web Appendix, Fig. 2B ). Our Monte Carlo analysis showed that none of the random iterations of the logistic regression gave a better fit than our candidate storms. In other words, our candidate storms, based on the estimated time to mass mortality, are more distinct (in terms of wind speed and distance from the coast) from other storms than any of the 100,000 randomly selected sets storms.
Trend analysis-Our trend analysis showed that, while the median expected probability of sea urchin mass mortality (P m ) following a tropical cyclone has not increased since 1980, storms with the greatest P m have increased over the past 30 yr (Fig. 3) . This is indicated by the increasing slope of P m with the increase in quantile. The 95th quantile has a slope of 2.4% yr 21 compared to a slope of near zero for median values of P m . Our analysis also showed that the median distance of storms from the Nova Scotian coast has decreased significantly by 9 km yr 21 , or 270 km since 1980 (Fig. 4A,D) . This increased proximity to the coast is especially pronounced for storms in the upper quantiles (60th to 80th), since a storm's distance from the coast is bounded at zero. We also found that, while maximum sustained wind speed of tropical cyclones, on average, has not increased over the last 30 yr, the strongest storms (above the 80th quantile) tended to increase in intensity (Fig. 4B,E) .
Average water temperature after the passage of a storm has increased significantly since 1980 (Fig. 4C,F) , with lower temperatures becoming warmer at a rate of 0.1uC to 0.2uC yr 21 (Fig. 4F) . Average coastal water temperature between August and November also increased significantly during this 30-yr period by 0.07uC yr 21 (Fig. 5) . Fig. 2 . Predicted probability (color spectrum), based on logistic regression, of mass mortality of sea urchins associated with tropical cyclones as a function of minimum distance from the Atlantic coast of Nova Scotia and maximum sustained wind speed at that time, for storms followed by average ocean temperatures (0-10-m depth) (A) above or (B) below a temperature threshold (12.2uC). Black dots are candidate storms that are most likely associated with mass mortality in a given year. White dots are storms not associated with a mass mortality. Gray dots are storms occurring after the candidate storm or onset of mass mortality, and are not included in our analysis. 
Discussion
Our logistic regression model showed that tropical storm intensity and proximity to the coast were important predictors of mass mortality of sea urchins. The 12.2uC threshold temperature that provides the best fit of our model approximates the threshold for progression or transmission of paramoebiasis (between 10uC and 12uC), based on laboratory studies (Scheibling and Stephenson 1984) . Storms occurring later in the season that have a high P m , based on their proximity to the coast and wind strength, are less likely to result in morbidity or mortality if they occur when temperatures are at or below 12.2uC and dropping (Scheibling et al. 2010) .
The potential for tropical cyclones to deliver a nonindigenous pathogen to Nova Scotia will depend on spatial scale of wind-generated turbulent mixing. The importance of wind speed and proximity of storms along this coast as predictors of the probability of mass mortality reflects this potential. Empirical observations of changes in surface temperature and currents obtained from moored oceanographic platforms (Dickey et al. 1998 ) and computer simulations of coupled ocean-atmosphere models (Korty et al. 2008; Liu et al 2008; Zedler 2009 ) indicate that windgenerated turbulent mixing can extend for 400-800 km across the wake of a strong hurricane. The average distance from the coast of our candidate storms (346.7 km) lies well within this range, although by the time these hurricanes reached the Scotian Shelf they generally had decreased in intensity.
Source populations of P. invadens that infect sea urchins in Nova Scotia are unknown. Negative growth of the amoeba in culture at 2uC suggests it is not indigenous to the Atlantic coast, where ocean temperature drops below 0uC in winter (Scheibling and Hennigar 1997; Jellett and Scheibling 1988) . Cultured amoebae do not survive at 27uC, ruling out the possibility of a tropical origin for this species or its transport via the Gulf Stream , although mesoscale eddies (warm-core rings) that form along the northern boundary of the Gulf Stream can entrain Scotian Shelf water, and these features may interact with passing storms to spread the pathogen coastward (Scheibling and Hennigar 1997) . Species of Paramoeba have been identified as causative agents of disease in crabs and lobsters (Newman and Ward 1973; Mullen et al. 2004) in the northeastern United States. In the fall of 1999, dead or dying crabs and sea urchins were reported in Long Island Sound during a mass mortality of lobster attributed to paramoebiasis (Mullen et al. 2004) . The concurrence of these events and widespread sea urchin mortality in Nova Scotia in October following Hurricane Danielle (see Web Appendix) suggests a possible source region for Paramoeba along the eastern seaboard of the United States. Another possibility is that deep-dwelling populations of P. invadens in sedimentary habitats on the Scotian Shelf are mixed into the water column with the passing of major storms. Paramoeba is found in marine sediments, and these populations may be resistant to low temperature, perhaps in a cyst form Jellett et al. 1989) .
Our trend analysis showed that the likelihood of storms with the greatest P m has increased over the past 30 yr. In other words, the most deadly storms, in terms of the potential for sea urchin mortality, have become more deadly. This is consistent with the observed increase in the occurrence of mass mortality events between the first (five mass mortalities, including 1983) and second half (eight mass mortalities) of our study period. We also found that the strongest storms tended to increase in intensity and proximity to the coast. If storm-generated currents are carrying P. invadens, these trends likely will increase the probability that the pathogen will be introduced to shallowdwelling sea urchin populations.
Average water temperature after the passage of a storm also has increased since 1980, as lower temperatures have become warmer. This trend is likely to increase the probability of sea urchin mass mortality because fewer storms will arrive when water temperature is below the thermal threshold for disease propagation. The rate of increase in average coastal water temperature between August and November over the past 30 yr (0.07uC yr 21 ) exceeds that reported for the same period in the Northern Hemisphere (0.02uC yr 21 ; Trenberth et al. 2007 ). An increase in the intensity of the strongest hurricanes has been linked to ocean warming in the North Atlantic and elsewhere (Emanuel 2005; Elsner et al. 2008 ). This trend is expected to continue with a doubling of the frequency of category 4 and 5 storms over the next century (Bender et al. 2010 ).
If our trend analysis and current hurricane predictions hold true, our model predicts an increase in the likelihood of delivery of the pathogenic agent to the coast of Nova Scotia, due to changes in intensity or trajectory of tropical storms in the North Atlantic, or to increases in ocean surface temperatures during the hurricane season. Whether a mass mortality event occurs following the introduction of P. invadens to the coast, and the spatial extent of that mortality, will depend on the distribution and abundance of shallow-water (, 25-m depth) sea urchin populations. Laboratory experiments have shown that the rate of waterborne transmission of paramoebiasis is density-dependent (Scheibling and Stephenson 1984) , and host density has been linked to disease outbreaks in other sea urchin species (Lafferty 2004) . In the 1980s and early 1990s, high densities of sea urchins occurred in extensive barrens along the Atlantic coast of Nova Scotia. The increased frequency of mass mortality events in the late 1990s and 2000s has decimated these populations. Following the last major dieoff in 1999, sea urchins have been slow to repopulate shallow subtidal habitats, and their present distribution is largely localized to the headland west of Halifax Harbour (Brady and Scheibling 2005; Lauzon-Guay and Scheibling 2007) . Although the potential for delivery of the pathogen may be increasing, the frequency of future disease outbreaks likely will be limited by the range and density of the susceptible host population.
Recurrent introductions of a pathogenic agent with the potential to cause mass mortality of sea urchins will ultimately disrupt the historical cycling between alternative states of the subtidal ecosystem in Nova Scotia (LauzonGuay et al. 2009 ). After sea urchin mass mortality, reduction in grazing pressure results in a phase shift to kelp beds. These highly productive algal habitats persist until sea urchins again increase in abundance, through recruitment or migration from refuge populations in deeper, colder waters (below the thermal threshold for paramoebiasis), and form destructive grazing aggregations that drive the transition back to sea urchin barrens (Scheibling et al. 1999; Lauzon-Guay et al. 2009 ). We predict that the increased frequency of disease outbreaks, by limiting the resilience of sea urchin populations in shallow habitats, will maintain the ecosystem in the kelp bed state. This could benefit lobster and finfish fisheries that rely on kelp beds as nursery habitat and a major source of primary production for benthic food webs (Wharton and Mann 1981) . On the other hand, recurrent mass mortality of S. droebachiensis has already caused the collapse of the sea urchin fishery in Nova Scotia (Miller and Nolan 2008) , and there is little prospect for recovery on a coastal scale.
